Introduction
============

Hypertrophic scar (HS) formation is a common sequel to injuries, burns and surgical operations. Up to 40--70% of all surgical patients, and up to 91% of all burn patients are may be affected by HS formation ([@b1-etm-0-0-5441]). Hypertrophic scar has a detrimental effect on the patient\'s physical as well as psychological health. The effects may include, pain, itching, functional impairment, disfigurement, anxiety, depression, and poor quality of life of the affected person ([@b2-etm-0-0-5441]). Treatment of HS is typically challenging; further research is required to devise appropriate interventions.

The precise pathogenetic mechanism underlying HS formation is not clearly understood1. However, it is known to result from excessive post-traumatic regeneration of tissue, abnormal extracellular matrix (ECM) deposition and collagen remodeling ([@b3-etm-0-0-5441]). The pathophysiological basis of HS formation involves interaction between a diverse range of microcellular actors and processes. These include abnormal activation, proliferation, synthesis, and differentiation and secretions of connective tissue (such as fibroblasts, myofibroblasts and keratinocytes), growth factors and cytokines. This in turn leads to abnormal collagen synthesis and HS formation via dysregulation of certain cellular signaling pathways, such as TGF-β1/Smad pathway ([Fig. 1](#f1-etm-0-0-5441){ref-type="fig"}). In addition, other signaling pathways, such as mitogen-activated protein kinase, extracellular signal-regulated kinase and c-Jun N-terminal kinase pathway, have also been implicated along with TGF-β signaling. However, the exact mechanisms are not yet clear ([@b4-etm-0-0-5441]--[@b7-etm-0-0-5441]).

The goal of managing HS is symptom alleviation, functional restoration and recurrence prevention. Currently practiced therapeutic modalities for treatment of HS include, topical and systemic medication ([@b8-etm-0-0-5441]), surgery, physical treatment (e.g., laser and particle beams, compression therapy and massage, etc ([@b9-etm-0-0-5441]--[@b11-etm-0-0-5441]), silicone gel or sheeting ([@b12-etm-0-0-5441]), radiotherapy ([@b13-etm-0-0-5441]), cryotherapy ([@b14-etm-0-0-5441]), and mesenchymal or adipose derived stem cell therapy ([@b15-etm-0-0-5441]). All these therapeutic modalities have their inherent limitations and advantages; there is no single universally accepted gold standard therapy for HS ([@b16-etm-0-0-5441]). For example, the disadvantages of intralesional injection treatment include invasion, pain, pigmentation changes, ulceration, blister formation, and necrosis ([@b17-etm-0-0-5441]). Compression therapy for HS is liable to induce severe discomfort, limitation in movement because of pressure effect, ulceration, blister formation, itching and rashes ([@b18-etm-0-0-5441]). Hypopigmentation and the potential for carcinogenesis are some of the concerns associated with the use of cryotherapy ([@b19-etm-0-0-5441]) and radiotherapy ([@b20-etm-0-0-5441]), respectively. Therefore, developing a non-invasive, safe, efficacious and cost-effective treatment modality for HS will be of immense benefit.

Extracorporeal shock wave therapy (ESWT) is a type of pulsed acoustic wave resulting from dramatic changes in pressure. ESWT was originally used for urinary lithotripsy ([@b21-etm-0-0-5441]). Of late, its application has been extended to other areas including treatment of fracture nonunion, musculoskeletal disorders and soft tissue wounds ([@b22-etm-0-0-5441]--[@b24-etm-0-0-5441]). Radial ESWT, also referred as unfocused ESWT, is generally divided into two categories based on the energy flux density (EFD) applied, i.e., higher EFD rESWT and lower EFD rESWT. However, there is a lack of consensus on the validity of this classification. Speed *et al* ([@b25-etm-0-0-5441]) recommended a threshold level of 0.12 mJ/mm^2^ for differentiating between higher EFD and lower EFD rESWT, while Goertz *et al* suggested a threshold level of 0.15 mJ/mm^2^ ([@b26-etm-0-0-5441]). Radial ESWT is known to alleviate tissue ischemia, heal burn wounds and diabetic foot ulcers, improve uptake of skin grafts, and has the advantage of being non-invasive, safe and convenient to use ([@b27-etm-0-0-5441],[@b28-etm-0-0-5441]). Radial ESWT is known to promote angiogenesis, inhibit local inflammation, promote recruitment of mesenchymal stem cells and endothelial progenitor cells at the injured site, stimulate cellular proliferation, regeneration, and decrease bacterial colonization ([@b29-etm-0-0-5441]).

Despite its advantages, the use of rESWT in the treatment of HS has not been adequately investigated. Fioramonti *et al* ([@b30-etm-0-0-5441]) documented satisfactory results, in terms of texture and color improvement, from use of ESWT in 16 patients with post-burn scars. Cho *et al* ([@b31-etm-0-0-5441]) report that ESWT significantly reduced scar pain in burn patients after wound recovery. Similarly, Saggini *et al* ([@b32-etm-0-0-5441]) evaluated the efficacy of unfocused shock wave treatment on retracting scars of the hands. They observed significant early improvement in modified Vancouver Scar Scale after treatment. Comparable results were obtained with respect to pain and range of movements. However, few studies were able to elucidate the underlying mechanism of action. Histologic changes in connective tissue appearance, scar vascularization and density of fXIIIa and CD34-positive cells were found following ESWT treatment ([@b32-etm-0-0-5441]).

In the present study, we investigated whether rESWT can serve as an effective modality for improving characteristics of hypertrophic scar by interfering with the TGF-β1/Smad signaling pathway.

Materials and methods
=====================

### Ethical approval

The study protocol was approved by the Institutional Ethics Committee at The First hospital of Jilin University.

### Establishment of rabbit ear HS model

Twenty five adult white rabbits (male: female ratio, 13: 12, weight: 2.0--2.3 kg each) were obtained from the Laboratory Animal Center of Jilin University. The rabbits were acclimatized and housed separately at 22--25°C with 60--70% humidity, in a 12-h light/dark cycle for 48 h. The HS model was established as described by Morris *et al* ([@b33-etm-0-0-5441]). In brief, the rabbits were anesthetized with intravenous ketamine (30 mg/kg) injection into auricular vein. Four full thickness circular wounds (15 mm diameter) were inflicted on the ventral surface of each ear with a scalpel, avoiding damage to the visible vessels. The separation between each wound was \>15 mm. The epidermis, dermis, and perichondrium were carefully stripped. The full-thickness wounds with exposed cartilage were covered with erythromycin eye ointment. Post anesthesia, the rabbits were placed in their previous cages. Secretions and exudates were gently removed on the following day. No topical wound care was provided and the wounds were left to heal spontaneously. Hypertrophic scars were formed three weeks after the surgery and histopathological examination was performed ([Fig. 2](#f2-etm-0-0-5441){ref-type="fig"}).

### ESWT treatment protocol

Three weeks after HS model establishment, twenty four rabbits (one was already used for HS testing) were randomly allocated to three groups: rESWT with lower EFD of 0.1 mJ/mm^2^ (L-ESWT), rESWT with higher EFD of 0.18 mJ/mm^2^ (H-ESWT) and sham ESWT treatment group (S-ESWT). The Swiss DolorClast^®^ Classic (EMS Electro Medical Systems, Nyon, Switzerland) convex 15-mm shock wave applicator was gently placed on the HS surface which was covered with a liberal amount of medical ultrasound coupling agent as a conductive gel. In the L-ESWT and H-ESWT groups, a single shock wave treatment with 500 impulses at a frequency of 8 Hz was administered once a week for four weeks (0.1 mJ/mm^2^ for L-ESWT and 0.18 mJ/mm^2^ for H-ESWT, respectively) ([Fig. 3](#f3-etm-0-0-5441){ref-type="fig"}). S-ESWT group also received identical treatment; however, no shock wave impulse was administered. Rabbits appeared to tolerate the rESWT treatment well without anesthetic cover.

### Samples and data collection

The characteristics of HS were assessed using Antera 3D^®^ (v2.0; Miravex Limited, Dublin 2, Dublin, Ireland), with the camera held in tight apposition to the wound and the push button on the camera clicked to obtain a higher resolution image. The image was saved and the characteristics were measured in terms of the presence of wrinkles, texture, volume of elevation (mm^3^), area (mm^2^), diameter (mm), melanin and hemoglobin of scar using the mode selection menu (2 mm filter was used for wrinkles, texture and elevations) ([Fig. 4](#f4-etm-0-0-5441){ref-type="fig"}). Findings were assessed with Antera 3D^®^ on days 1, 4, 7, 10, 14, 21, 28 and 35 of initial rESWT treatment.

A separate set of fresh tissue samples were harvested for determining gene and protein expression under intravenous anesthesia, as described above, on days 1, 4, 7, 10, 14, 21, 28 and 35 of the initial rESWT treatment. One wound per rabbit and time point for taking samples. Prior to their processing, all specimens were snap-frozen in liquid nitrogen.

### Reverse transcription-polymerase chain reaction (RT-PCR)

Hypertrophic scar tissues were homogenized using an electronic high-speed homogenizer. Total RNA was obtained using TRIzol^®^ Reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) according to the manufacturer\'s instructions. The total RNA concentration in each HS sample was determined with Epoch™ Multi-Volum Microplate Spectrophotometer System (BioTek Instruments, Inc., Winooski, VT, USA). After reverse transcription with M-MLV Reverse Transcriptase (Promega Corp., Madison, WI, USA) using Oligo (dT)15 Primer (Promega) for 75 min (37°C for 5 min, 42°C for 60 min, and 95°C for 10 min), 2 µl first strand cDNA template was amplified by polymerase chain reaction (PCR) with 25 µl GoTaq^®^ Green Master Mix (Promega), 19 µl Nuclease Free Water (Promega), and 2 µl each of primer. The specimens were denatured first at 94°C for 30s, followed by annealing for 30s at 58°C for TGF-β1; 50°C for 30s for smad2; 50°C for 35s for smad3; and 65°C for 30s for GAPDH, and extension at 72°C for 40s (25 cycles for TGF-β1, 30 cycles for smad2, smad3 and GAPDH). Reverse transcriptase (RT)-PCR-amplified products were analyzed by 1.5% agarose gel electrophoresis containing ethidium bromide. Results were photographed using the Tanon 2500 Gel Imaging System (Tanon Science & Technology Co., Ltd., Shanghai, China). Band intensities were semi-quantified using Tanon Gel Image System 1D software (v4.1.2), and subsequently normalized by dividing the band gray value of the target gene by the intensity of its corresponding GAPDH. Primer sequences were synthesized by BGI Tech Solutions Co., Ltd., (Shenzhen, China) as follows: TGF-β1 forward primer 5′-CGGCAGCTGTACATTGACTT-3′ and reverse primer 5′-AGCGCACGATCATGTTGGAC-3′ (size 271 basepairs), smad2 forward primer 5′-ATGCCACGGTAGAAATGAC-3′ and reverse primer 5′-TTGAGCAACGCACTGAAGG-3′ (size 429 basepairs), smad3 forward primer 5′-ACCACGCAGAACGTGAACAC-3′ and reverse primer 5′-GCTGGTTTTCCTTGGGTACC-3′ (size 419 basepairs), GAPDH forward primer 5′-GCGCCTGGTCACCAGGGCTGCTT-3′ and reverse primer 5′-TGCCGAAGTGGTCGTGGATGACCT-3′ (size 464 basepairs).

### Enzyme-linked immunosorbent assay (ELISA)

The concentration of rabbit TGF-β1, Smad2, Smad3, and Smad7 proteins in the HS tissue were determined using commercially available ELISA kits according to the manufacturer\'s instructions (R&D Systems, Inc., Minneapolis, MN, USA).

### Statistical analysis

Data from Antera 3D^®^ were expressed as mean ± standard deviation (SD); intergroup differences were assessed by paired t-test using SPSS software ver 19.0 (IBM Corp., NY, USA). Findings of RT-PCR and ELISA were expressed as mean ± standard error of the mean (SEM); intergroup differences were assessed using Analysis Of Variance (ANOVA). A P-value \<0.05 was considered indicative of a statistically significant difference.

Results
=======

### Antera 3D^®^ evaluation of HS

Prior to rESWT treatment, there were no statistically significant inter-group differences with respect to scar characteristics in the three study groups (data not provided). Until two weeks of rESWT treatment, no significant intergroup differences in terms of wrinkles and hemoglobin were observed between L-ESWT and S-ESWT groups (P=0.042 and P=0.040, respectively), between L-ESWT and H-ESWT (P=0.700 and P=0.176, respectively), or between H-ESWT and S-ESWT (P=0.080 and P=0.226, repectively). However, three weeks later, wrinkles and hemoglobin in both L-ESWT and H-ESWT groups were significantly less than that in observed in the S-ESWT group (L-ESWT and S-ESWT, P=0.043 and P=0.043, respectively; H-ESWT and S-ESWT, P=0.037 and P=0.025, respectively). However, no significant difference was observed between L-ESWT and H-ESWT in this respect. Similar findings were observed till the fourth week (L-ESWT and S-ESWT, P=0.042 and P=0.013, respectively; H-ESWT and S-ESWT, P=0.026 and P=0.044, respectively). Four weeks later, significant difference in the appearance of texture was observed between L-ESWT and S-ESWT (P=0.014) groups. However, no such difference was observed between L-ESWT and H-ESWT, or between H-ESWT and S-ESWT groups. No significant differences were observed between the three study groups with respect to diameter, area, elevation of volume and melanin of HS.

### Gene expression of TGF-β1/Smad pathway

The effect of L-ESWT and H-ESWT on TGF-β1/smad mRNA expression was assessed by RT-PCR, against that associated with use of GAPDH as an internal standard control. No significant difference in TGF-β1 mRNA expression was found between the three groups. The smad2 mRNA levels were significantly higher in H-ESWT as compared to that in the L-ESWT and S-ESWT groups (P=0.001 and P=0.024, respectively). No difference in smad2 expression was observed between the L-ESWT and S-ESWT (P=0.476). The level of smad3 were found to be significantly decreased in L-ESWT as compared to that in H-ESWT and S-ESWT groups (P=0.000 and P=0.047, respectively). The smad3 mRNA level in H-ESWT was significantly higher than that in the S-ESWT group (P=0.019) ([Fig. 5](#f5-etm-0-0-5441){ref-type="fig"}).

### Protein determination of TGF-β1/Smad pathway

No significant differences in the concentrations of TGF-β1, smad2 and smad7 protein were observed in both L-ESWT and H-ESWT groups when compared to those in the S-ESWT group. The smad3 protein levels in the L-ESWT were significantly lower than those in the H-ESWT and S-ESWT groups (P=0.012 and P=0.048, respectively). No significant difference was observed between H-ESWT and S-ESWT groups with respect to smad3 concentration (P=0.289) ([Fig. 6](#f6-etm-0-0-5441){ref-type="fig"}).

Discussion
==========

Treatment of HS is typically challenging due in part to the limited understanding of its pathogenesis. TGF-β1 is known to stimulate synthesis of collagen and proteoglycan, which may promote HS formation via its influence on the metabolism of ECM ([@b34-etm-0-0-5441]). Fibroblasts isolated from HS tissue have been shown to have an increased expression of TGF-β1 and TGF-βR as compared to those from normal skin and are thought to play a vital role in HS formation, including the resultant increased synthesis of tissue inhibitor of matrix metalloproteinases, and which in turn decreases the activity of matrix metalloproteinases ([@b35-etm-0-0-5441]), resulting in excessive collagen synthesis and deposition ([@b36-etm-0-0-5441]). Further, TGF-β1 was also shown to induce alpha-smooth muscle actin expression in myofibroblasts, conferring an increased ability for collagen synthesis and resistance to apoptotic inductors ([@b37-etm-0-0-5441],[@b38-etm-0-0-5441]). There are various receptors to which TGF-β can bind to, the most important being two ligand-dependent complexes of heterodimeric transmembrane serine/threonine kinases, i.e., TGF-β receptor I (TGF-βRI) and TGF-β receptor II (TGF-βRII).

Among the various downstream signaling pathways mediated by TGF-β1, the Smad pathway is thought to be of vital importance ([@b6-etm-0-0-5441]). Smad proteins respond to activated TGF-β receptor complex and play an important role in the TGF-β signal transduction from cell surface receptors to the nucleus. Smad family consists of at least eight subtypes of smad proteins, and these subtypes participate in various signal transduction pathways of various TGF-β superfamily members.

Classically, smad proteins have been classified into three categories, namely, the receptor-regulated smads (R-Smads), common mediator smad (Co-Smad) and inhibitory smads (I-Smads) ([@b39-etm-0-0-5441]). R-Smads are amenable to activation after binding with TGF-βRI to form a complex. R-Smads are classified into two categories depending on the activation by activin or TGF-β (including smad2 and smad3). In addition, smads are activated by bone morphogenetic proteins (including smadl, smad5 and smad8 ([@b40-etm-0-0-5441]--[@b42-etm-0-0-5441]), too.

Co-Smad consists of smad4 protein, which is involved in nearly all TGF-β superfamily signal transduction pathways. I-Smads (including smad6 and smad7) are considered to be the negative feedback regulators, with the ability to bind to activated TGF-βRI and block TGF-β signal pathway ([@b38-etm-0-0-5441]). Smad6 mainly inhibits the bone morphogenetic protein pathway, while smad7 mainly blocks the TGF-β signal pathway ([@b43-etm-0-0-5441]).

In normal tissues, TGF-β isoforms exist in a precursor form, and combine with latent TGF-β1 binding proteins to form a complex ([@b44-etm-0-0-5441]). Intracellular signaling of TGF-β1 is initiated after latent TGF-β1 binding proteins is dissociated from this complex ([@b6-etm-0-0-5441]). The activated TGF-β1 is released and binds to TGF-βRII, which in turn activates the TGF-βRI. Activin-receptor-like kinase 5, one of the isoforms of TGF-βRIs phosphorylates and activates smad2 and samd3; combine with smad4 and translocate into the nucleus to function as transcription factors, or participate in transcriptional control of certain genes.

The TGF-β1/Smad pathway in HS tissue has been shown to manifest certain typical characteristics. These include, increased expression and phosphorylation of samd2 and/or samd3, but not smad7, during HS formation ([@b39-etm-0-0-5441]). Similar findings implicating TGF-β1, smad2 and smad3 in HS formation have been reported by Chen *et al* ([@b45-etm-0-0-5441]). Therefore, blockage of the fibrotic processes mediated by TGF-β1/smad signaling is a potential therapeutic target for prevention and treatment of HS ([@b46-etm-0-0-5441]--[@b48-etm-0-0-5441]). In this study, we treated HS in rabbit ear model with different EFD of ESWT and found no significant difference in the expression of TGF-β1, smad2 and smad7. However, L-ESWT appeared to significantly inhibit smad3 expression.

Previous studies have shown that a reduction in smad3 expression may contribute to the reduction of collagen I synthesis and enhance wound healing which makes it a potential molecular target for treatment of HS ([@b45-etm-0-0-5441],[@b49-etm-0-0-5441],[@b50-etm-0-0-5441]). In view of the important role of smad3 in the TGF-β1/smad signaling pathway, we speculate that this may be one of the mechanisms for the inhibitory effect of L-ESWT on HS formation. A comprehensive pre- and post-treatment of HS tissue could be invaluable in devising future therapeutic interventions.

Several instruments are currently available for assessment of HS, such as, patient and observer scar assessment scales, Vancouver scar scale and visual analog scale. However, these tools do not allow for an objective assessment of improvement of HS. Instead, a variety of techniques and instruments were used before and after treatment to detect the improvement of scar, for example, in a randomized controlled trial, Cho *et al* ([@b10-etm-0-0-5441]) documented the characteristics of scar in terms of thickness, melanin, erythema, transepidermal water loss, sebum, and elasticity with the help of different equipments such as ultrasonography, Mexameter^®^, Tewameter^®^, Sebumeter^®^, and Cutometer^®^, respectively. Although this method affords a comprehensive and accurate assessment of scar improvement, the requirement for multiple equipment and devices with varying operating requirements is a limitation.

Antera 3D^®^ allows for acquisition of 3D images and 3D data which provides the basis for an objective quantification of the treatment efficacy and monitors changes over time. In the present study, we assessed the changes in wrinkles, texture, diameter, area, elevation of volume, melanin and hemoglobin of HS tissue in real-time using Antera 3D^®^. This allowed for a comprehensive and objective assessment. Our study indicates that both L-ESWT and H-ESWT may improve the wrinkles and hemoglobin of HS. Only L-ESWT treatment was associated with a significant improvement in the texture of HS. However, there was no apparent influence of rESWT on the scar diameter, area and melanin content. This may be attributed to the lack of efficacy of ESWT treatment, or to the relatively short period of study. Future studies with a longer time frame are required to confirm our findings.

In addition to the relatively short-term period we have investigated in the present study, the other limitation of the study was the retrieval of 8 separate tissue biopsy samples under anesthesia over the course of 35 days post-treatment, which may have impacted on the gene and protein expression results.

Radial ESWT is a non-invasive, safe and well tolerated treatment modality for HS. In this study, L-ESWT treatment was associated with a significant improvement in wrinkles, hemoglobin and texture of HS. Downregulation of smad3 may be one of the mechanism of action of L-ESWT. Future studies are required to determine other potential mechanisms in order to further develop and improve efficacy of L-ESWT-based therapy in the clinical management of HS.

![Schematic illustration of the transforming growth factor-β1/Smad signaling pathway.](etm-15-01-0933-g00){#f1-etm-0-0-5441}

![Post-treatment photographs of HS model in rabbit ear. Images were taken of the hypertrophic scars created, (A) immediately following surgery, (B) 1 week following the induction of the HS model, (C) 2 weeks following the induction of the HS model and (D) 3 weeks following the induction of the HS model. HS, hypertrophic scar.](etm-15-01-0933-g01){#f2-etm-0-0-5441}

![Treatment of the hypertrophic scars on rabbit ears using radial extracorporeal shock wave therapy.](etm-15-01-0933-g02){#f3-etm-0-0-5441}

![Assessment of scar characteristics using Antera 3D^®^. (A) Photograph depicting the use of Antera 3D^®^ for HS assessment. This system was used to capture 3D images of the (B) skin, (C) HS wrinkling, (D) skin texture, (E) areas with elevated volume, (F) melanin and (G) hemoglobin. HS, hypertrophic scar; 3D, Three-dimensional.](etm-15-01-0933-g03){#f4-etm-0-0-5441}

![Results of reverse transcription-quantitative polymerase chain reaction analyzing the mRNA expression of TGF-β1, Smad2 and Smad3. \*P\<0.05 and \*\*P\<0.005, as indicated. TGF-β1, transforming growth factor-β1; ESWT, extracorporeal shock wave therapy; L-ESWT, lower-ESWT; H-ESWT, higher-ESWT; S-ESWT, sham-ESWT.](etm-15-01-0933-g04){#f5-etm-0-0-5441}

![Results of ELISA for protein concentration of TGF-β1, Smad2, Smad3 and Smad7. \*P\<0.05 and \*\*P\<0.005, as indicated. TGF-β1, transforming growth factor-β1; ESWT, extracorporeal shock wave therapy; L-ESWT, lower-ESWT; H-ESWT, higher-ESWT; S-ESWT, sham-ESWT.](etm-15-01-0933-g05){#f6-etm-0-0-5441}
